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During t h e  p a s t  yea r ,  we have made measurements of  and 20' were d e t e c t e d  by two d e t e c t o r  t e l e s c o p e s  
t h e  s p i n  r o t a t i o n  parameter  Q f o r  t h e  e l a s t i c  mounted above and below t h e  spec t rome te r  median p lane .  
s c a t t e r i n g  of 200-MeV p ro tons  from l2cS 160,  and These t e l e s c o p e s  c o n s i s t e d  of 0.8 cm of  p l a s t i c  
4 0 s 4 8 ~ a .  I n  each  ca se ,  t h e s e  new measurements now form s c i n t i l l a t o r  fo l lowed by 10.0 cm of NaI(T1). ( I n  l a t e r  
a  complete s e t  of e l a s t i c  s c a t t e r i n g  obse rvab l e s ,  r uns ,  t h e  NaI(T1) c o u n t e r s  were r ep l aced  by t h i c k  
p r o v i d i n g  d a t a  t o  t e s t  phenomenological  and impulse p l a s t i c  s c i n t i l l a t o r s  t o  reduce  t h e  e f f e c t s  of  p i l eup . )  
approximat ion  d e s c r i p t i o n s  of e l a s t i c  s c a t t e r i n g .  Data The count  r a t e  asymmetry i n  t h e s e  two t e l e s c o p e s  
on t h e  f i r s t  t h r e e  of  t h e s e  i s o t o p e s  supplement y i e l d e d  i n fo rma t ion  on t he  pro ton  s p i n  component t h a t  
e x i s t i n g  measurements of  t h e  c r o s s  s e c t i o n  and was sideways a t  t h e  f o c a l  p lane .  Most of  t h e  s p i n  
a n a l y z i n g  power.1'3 The two ca lc ium i s o t o p e s  were r o t a t i o n  measurements were made a t  a  f o c a l  p l ane  
measured t o  provide  i n fo rma t ion  on t h e  e x i s t e n c e  of a p o s i t i o n  where t h e  p ro ton  bend a n g l e  through t h e  
D i r a c  t e n s o r  p o t e n t i a l .  I n  t h e  c a s e  of 4 8 ~ a ,  new spec t rome te r  was about  135'. For e n e r g i e s  near  200 
measurements were a l s o  made of t h e  c r o s s  s e c t i o n  and MeV, t h i s  makes t h e  f o c a l  p l ane  polar i ine ter  most 
a n a l y z i n g  power. F i n a l  a n a l y s i s  i s  s t i l l  i n  p roce s s ,  s e n s i t i v e  t o  t h e  l o n g i t u d i n a l  ou tgoing  s p i n  colnponent 
s o  t h e  d a t a  p r e sen t ed  h e r e  and t h e  conc lu s ions  drawn a t  t h e  primary s c a t t e r i n g  t a r g e t .  
a r e  t e n t a t i v e .  The e f f i c i e n c y  of  t h e  f o c a l  p l ane  po l a r ime t e r  was 
The p r e p a r a t i o n  and moni tor ing  of t h e  s l i g h t l y  b e t t e r  t han  1% ( t h e  sum of t h e  u s e f u l  e l a s t i c  
h o r i z o n t a l l y - p o l a r i z e d  p ro ton  beam i s  d i s cus sed  i n  t h e  e v e n t s  i n  both  t h e  upper and lower t e l e s copes ) .  With 
t e c h n i c a l  s e c t i o n  of t h i s  r e p o r t .  t h e  NaI(Tl) ,  t h e  energy  r e s o l u t i o n  was about  2-3X, 
The f o c a l  p lane  of t h e  QDDM spec t rome te r  was s u f f i c i e n t  t o  i s o l a t e  t h e  e l a s t i c  s c a t t e r i n g  e v e n t s  and 
i n s t rumen ted  wi th  t h e  s t a n d a r d  h e l i c a l  pos i t i on -  g i v e  an  ana lyz ing  power of about  0.54. The p l a s t i c  
s e n s i t i v e  w i r e  chamber, fo l lowed by two 114"-thick s c i n t i l l a t o r s  used i n  l a t e r  runs  had broader  
s c i n t i l l a t o r s  t h a t  provided  a f a s t  p a r t i c l e  t iming  r e s o l u t i o n ,  and t h e  i n c l u s i o n  of many i n e l a s t i c  e v e n t s  
b 
s i g n a l  and t h e  p u l s e  he igh t  i n fo rma t ion  nece s sa ry  t o  w i th  t h e  e l a s t i c  peak sum reduced t h e  ana lyz ing  power 
i d e n t i f y  outgoing  p ro tons  from a l l  p a r t i c l e  groups.  t o  about  0.41. The l a r g e  e f f i c i e n c y  and ana lyz ing  
Immediately behind t h e  second s c i n t i l l a t o r  was a high- power pe rmi t t ed  us  t o  measure t h e  s p i n  r o t a t i o n  
d e n s i t y  g r a p h i t e  t a r g e t  3.3 cm th i ck .  P ro tons  f u n c t i o n  between 7' and 50" w i th  a s t a t i s t i c a l  
e l a s t i c a l l y  s c a t t e r e d  from t h i s  t a r g e t  between about  8"  p r e c i s i o n  s m a l l e r  than  0.03. 
The a b i l i t y  t o  p r e d i c t  t h e  s p i n  r o t a t i o n  parameter  
Q  from a  phenomenological  model f i t  t o  t h e  c r o s s  
s e c t i o n  and ana lyz ing  power a lone  has been used a s  an  
argument4 i n  f a v o r  of t h e  D i r ac  o p t i c a l  model a t  500 
MeV. At 200 MeV, t h e  s i t u a t i o n  is  l e s s  c l e a r .  Unl ike  
a t  h ighe r  e n e r g i e s ,  bo th  t h e  r e a l  and imaginary  p a r t s  
of  t h e  p o t e n t i a l  a r e  impor tan t  a t  200 MeV f o r  a  
r e p r o d u c t i o n  of t h e  observed  angu l a r  d i s t r i b u t i o n s ,  and 
t h i s  r e s u l t s  i n  g r e a t e r  a m b i g u i t i e s  w i t h i n  t h e  model. 
To t e s t  t h e  p r e d i c t a b i l i t y  of  Q, we made both 
r e l a t i v i s t i c  and n o n - r e l a t i v i s t i c  f i t s  t o  t h e  c r o s s  
s e c t i o n  and ana lyz ing  power measurements a t  a n g l e s  l e s s  
t h a n  70". It was hoped t h a t  t h i s  would avoid  problems 
a s s o c i a t e d  w i th  channel-coupling.  For 4 0 ~ a ,  t h e r e  is 
l i t t l e  d i f f e r e n c e  between t h e  p r e d i c t i o n s  of Q, and 
bo th  p i c k  o u t  t h e  observed  t r e n d s  of t h e  measurements. 
The d i f f e r e n c e s  can undoubtedly be reduced through 
minor parameter  v a r i a t i o n s .  
The s i t u a t i o n  f o r  t h e  l i g h t e r  t a r g e t s  is ve ry  
d i f f e r e n t .  The model p r e d i c t i o n s  f o r  Q a r e  shown i n  
F ig .  1. For 12c ,  t h e  n o n - r e l a t i v i s t i c  p o t e n t i a l  i s  t h e  
F i g u r e  1. Measurements of  t h e  s p i n  r o t a t i o n  Erameter Q f o r  e l a s t i c  p ro ton  s c a t t e r i n g  from 1 2 c  and 0 a t  200 
MeV. The cu rves  a r e  p r e d i c t i o n s  u s ing  models de sc r i bed  
i n  t e x t .  
double  Woods-Saxon of Ref. 1. For t h e  r e l a t i v i s t i c  12c  
p o t e n t i a l ,  t h e  u s u a l  Woods-Saxon shape  is  m u l t i p l i e d  by 
a  [ l+a r2 ]  f a c t o r  t h a t  reduces  t h e  p o t e n t i a l  s t r e n g t h  
about  20% i n  t h e  n u c l e a r  i n t e r i o r .  The r ep roduc t i on  of 
t h e  c r o s s  s e c t i o n  and t h e  ana lyz ing  power i s  
s a t i s f a c t o r y  i n  both  c a s e s ,  y e t  t h e  t r e n d s  of  Q a r e  no t  
w e l l  reproduced.  
The p r e d i c t i o n s  f o r  160 i n  F ig .  1 a r e  t aken  from 
t h e  a n a l y s i s  of  Ref. 2. I n  t h a t  paper ,  Glover found 
two d i s t i n c t  p o t e n t i a l s  t h a t  d i f f e r e d  i n  t h e  s i g n  of 
t h e  r e a l ,  c e n t r a l  p o t e n t i a l  a t  sma l l  r a d i i :  one was 
l a r g e  and r e p u l s i v e ,  t h e  o t h e r  was l a r g e  and 
a t t r a c t i v e .  The p o t e n t i a l  w i th  t h e  a t t r a c t i v e  c e n t r a l  
p i e c e  g i v e s  a b e t t e r  r ep roduc t i on  of  t h e  Q measurements 
forward  of 25". At l a r g e r  a n g l e s ,  n e i t h e r  p o t e n t i a l  
g i v e s  s a t i s f a c t o r y  r e s u l t s .  
F u r t h e r  a t t e m p t s  t o  improve t h e  r e p r o d u c t i o n  of 
t h e  measurements by u s ing  t h e  new v a l u e s  of  Q t o  
c o n s t r a i n  t h e  parameters  has  met w i th  succe s s  s o  f a r  
on ly  f o r  carbon.  I f  on ly  t h e  measurements forward  of 
70" a r e  i nc luded  i n  t h e  c a l c u l a t i o n ,  t h e n  Q i s  
reproduced  wi th  h igh  p r e c i s i o n .  The new p o t e n t i a l  
d i f f e r s  from t h e  o l d  i n  t h a t  t h e  r e p u l s i o n  i n  t h e  r e a l  
c e n t r a l  p o t e n t i a l  i s  l e s s  pronounced, and t h e r e  i s  a  
l a r g e r  imaginary  s p i n - o r b i t  term. 
It i s  c l e a r  from t h e  i n v e s t i g a t i o n  t o  t h i s  p o i n t  
t h a t  a  s a t i s f a c t o r y  phenomenological  r ep roduc t i on  of  
t h e  measurements is l i k e l y  t o  be p o s s i b l e ,  bu t  on ly  i f  
more g e n e r a l  r a d i a l  shapes  a r e  used t o  d e s c r i b e  t h e  
o p t i c a l  p o t e n t i a l s .  So f a r ,  n e i t h e r  t h e  r e l a t i v i s t i c  
nor  t h e  n o n - r e l a t i v i s t i c  o p t i c a l  model appea r s  b e t t e r  
adap t ed  t o  a  d e s c r i p t i o n  of t h e s e  measurements. 
The most s u c c e s s f u l  impulse  approximat ion  
c a l c u l a t i o n s  f o r  e l a s t i c  s c a t t e r i n g  a r e  p r e s e n t l y  t hose  
of Tjon and   all ace.^ I n  a l l  p r ev ious  c a s e s ,  t h e  
i n t e r a c t i o n  has been w r i t t e n  i n  terms of i n v a r i a n t s  
(such as scalar and vector) that operate on the full calculations of Ref. 5 at 181 MeV have been replotted 
Dirac wavefuntion, including both upper and lower 
components. In Ref. 5, this set has been expanded to 
include classes that operate on only the lower spinor 
of the wavefunction in either the entrance or exit 
channels, or both. The size of these operators is 
given by meson exchange. 
Figure 2 contains the measurements for the elastic 
scattering of 200-MeV protons from 40~a. The 
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Figure 2. Measurements of the cross section and spin 
dependence for the elastic scattering of 200 MeV 
protons from 40~a. The calculations of Tjon and 
Wallace are based on the impulse approximation. The 
potential that generates the solid curve contains 
additional terms that operate on the lower spinor in 
the wavefunction. 
here at 200 MeV by assuming that the observables would 
be similar at the same value of momentum transfer. The 
dashed curves show the result for only the traditional 
scalar and vector parts of the interaction, while the 
solid curves also include those terms with projection 
operators on the lower spinor of the Dirac 
wavefunction. The scalar and vector densities for 4 0 ~ a  
are taken from the calculations of Horowitz and 
serot.15 In almost all respects, the calculation with 
the extra terms provides a strikingly better 
reproduction of the measurements. All of the 
observables are less diffractive, and the analyzing 
power is generally more positive. The only problem 
stems from the overestimate of the large-angle cross 
section, a problem common to all impulse approximation 
calculations of elastic scattering near 200 MeV. 
It has recently been pointed out by ~ i l l e r ~  that 
the Dirac-equation description of nucleon scattering 
permits a tensor potential in addition to the often- 
mentioned scalar and time-like vector potentials. The 
tensor potential is derived from the nuclear tensor 
density, which is composed of the overlap of the upper 
and lower co~nponent wavefunctions in the target 
nucleus. The tensor potentials derived from these 
densities are small, since the tensor t-matrix elements 
are about an order of magnitude smaller than the t- 
matrix elements for the vector and scalar interactions. 
An investigation8 of tensor potential 
contributions to 500 MeV scattering from 4 0 ~ a  
demonstrated that the changes in this case are small. 
Attempts to determine the presence of such a potential 
phenomenologically have produced the same results. 
Indeed, there are transformations which can make a 
tensor potential phase-shift equivalent with either a 
v e c t o r  o r  s c a l a r  p o t e n t i a l  i n  t h e  D i r ac  equa t i on  f o r  
e l a s t i c  s c a t t e r i n g ,  lo s o  t h a t  t h e r e  may be no c l e a r  
ev idence  of t h e  need f o r  i n c l u d i n g  a t e n s o r  p o t e n t i a l  
from phenomenological  r e p r e s e n t a t i o n s  of t h e  e l a s t i c  
s c a t t e r i n g  d a t a .  
C a l c u l a t i o n s  from c l a r k l l  w i t h  and wi thout  a 
t e n s o r  p o t e n t i a l  a r e  shown i n  Fig.  3 f o r  t h e  
spin-dependent d a t a  from 4 0 ~ a  nd 4 8 ~ a .  The p o t e n t i a l s  
used  i n  t h e s e  c a l c u l a t i o n s  a r e  based on t h e  n u c l e a r  
d e n s i t i e s  of  Ref. 6. I n  agreement w i th  t h e  r e s u l t s  a t  
500 MeV, t h e  e f f e c t s  of  t h e  t e n s o r  p o t e n t i a l  a r e  sma l l ,  
and a f f e c t  t h e  s p i n  r o t a t i o n  f u n c t i o n  more s t r o n g l y  
t h a n  t h e  ana lyz ing  power. These d i f f e r e n c e s  a r e ,  
however, much s m a l l e r  t han  t h e  d i f f e r e n c e s  between t h e  
( Ep = 200 MeV) 
c a l c u l a t i o n s  and t h e  measurements, and a t  t h i s  p o i n t  
t h e r e  is no c l e a r  i n d i c a t i o n  of t h e  need f o r  i n c l u d i n g  
t h e  t e n s o r  p o t e n t i a l  i n  t h e  t r e a tmen t  of  e l a s t i c  
s c a t t e r i n g .  The t e n s o r  d e n s i t y  i n  t h e  c a l c u l a t i o n  of 
Ref. 6 f o r  4 0 ~ a  o r i g i n a t e s  i n  t h e  l a c k  of c a n c e l l a t i o n  
among t h e  c o n t r i b u t i o n s  from c l o s e d  n u c l e a r  s h e l l s ,  
and i s  coupa rab l e  i n  s i z e  t o  t h e  d e n s i t y  f o r  4 8 ~ a  which 
c o n t a i n s  t h e  added c o n t r i b u t i o n  f o r  t h e  f7 /2  neu t rons .  
Thus, t h e r e  is l i t t l e  d i f f e r e n c e  i n  t h e  c a l c u l a t e d  
e f f e c t s  of t h e  t e n s o r  p o t e n t i a l  between 4 0 ~ a  nd 4 8 ~ a ,  
and a comparison of t h e s e  two i s o t o p e s  does  n o t  p rov ide  
a b e t t e r  b a s i s  f o r  s t udy ing  t h e  t e n s o r  p o t e n t i a l .  
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